the increasing use of new and emerging tobacco products has raised public health concern worldwide. this study aimed to assess the association between tobacco product use and the risk of allergic diseases. We used cross-sectional data of 58,336 students aged 12-18 years from the 2018 Korea Youth Risk Behavior Survey. this study considered three tobacco products, namely cigarettes, electronic cigarettes (e-cigarettes), and heated tobacco products. Descriptive analyses, as well as simple and multinomial logistic regression analyses with a complex sampling design, were performed. Multiple tobacco use had an association with the risk of each allergic disease. Use of each tobacco product was significantly associated with an increased risk of multi-morbidity of asthma, allergic rhinitis, and atopic dermatitis. furthermore, lifetime use of each tobacco product was associated with the prevalence of atopic dermatitis. this highlights the importance of paying close attention to smoking by adolescents and its association with allergy epidemics. future research should consider intensity of smoking and/or severity of allergic symptoms.
exposure with asthma, AR, and AD, whereas only a few studies focusing on the association between e-cigarettes and allergic diseases have been published.
Heated tobacco products (HTPs), the latest type of tobacco product, heat a processed tobacco leaf, not a liquid, up to 350 °C 19 . According to certain studies 20, 21 , HTPs have the same harmful constituents as conventional cigarettes. Additionally, recent findings 22 show that they can potentially cause impairments in lung cells by altering mitochondrial functionality, inducing oxidative stress, and limiting airflow. These impairments are often associated with asthma and chronic obstructive pulmonary disease. A recent in vitro study 23 confirmed that HTP aerosols had adverse effects on human bronchial epithelial cells and that their cytotoxicity was higher than that of e-cigarettes, but less than that of conventional cigarettes.
This study aimed to assess the impact of tobacco use, including HTPs, on asthma, AR, and AD in Korean adolescents. The use of multiple tobacco products and comorbidity of allergic diseases were also considered in this study. To the best of our knowledge, this is the very first study to evaluate the effects of tobacco product use on asthma, AR, and AD with respect to multiple tobacco product use and development of multiple morbidities.
Results
Of all participants, 2.4% (1,443/58,336) , 20.9% (11,884/58,336) , and 7.2% (4,198/58,336) reported the diagnosis of asthma, AR, and AD within the past year, respectively ( Table 1 ). In total, 25.8% of adolescents were affected by any of the three allergic diseases. Among the three allergic diseases, participants with AR had the oldest mean age of onset (15.2 years).
Conventional cigarettes, e-cigarettes, and HTPs had been used by 13.9% (8,129/58,336), 7.1% (4,114/58,336) and 2.4% (1,414/58,336) of participants ( Table 2 ). The allergic disease group used conventional cigarettes, e-cigarettes, and HTPs more than the group without allergic diseases. Secondhand smoking at home and at school was more prevalent in the asthma, AR, and AD groups. Table 3 shows that the three allergic diseases were more likely to be found among participants reporting that they had ever used conventional cigarettes or HTPs. Having asthma, AR, and AD was positively and significantly associated with secondhand smoking at home and school for five or more days per week. Regarding multiple tobacco product use, 57.1% of e-cigarette users were dual users of conventional cigarettes and e-cigarettes. Interestingly, 82.4% of HTP users were triple users of cigarettes, e-cigarettes, and HTPs, whereas 28.6% and 15.0% of ever e-cigarette and conventional cigarette users were triple users, respectively.
According to Table 4 , even after adjusting for all other variables, the use of all three tobacco products was associated with a higher risk of asthma, AR, and AD (AOR = 1.59, 95% CI: 1.17-2.15; AOR = 1.22, 95% CI: 1.05-1.42; and AOR = 1.64, 95% CI: 1.36-1.98) ( Table 4 ). Sole use of HTP was strongly associated with asthma (AOR = 3.59, 95% CI: 1.47-8.78), and so was dual use of cigarette and HTP (AOR = 4.38, 95% CI: 2.44-7.87).
Among the group of asthmatic participants, those diagnosed with asthma and AR accounted for 40.9%. Moreover, the three allergic diseases co-existed in 19.2% of asthmatic participants. However, 80.6% of AR participants were diagnosed solely with this disease.
In this study, an increased risk of multi-morbidity was attributable to the use of conventional cigarettes (AOR = 1.98, 95% CI: 1.45-2.70), e-cigarettes (AOR = 1.83, 95% CI: 1.25-2.68), and HTPs (AOR = 2.48, 95% CI: 1.48-4.13) ( Table 5 ). The multinomial regression analysis indicated that adolescents using tobacco products were more likely to suffer from allergic multi-morbidity of asthma, AR, and AD altogether. In addition, the AOR for having only AD relative to the use of conventional cigarettes, e-cigarettes, and HTPs were 1.34 (95% CI: 1.20-1.50), 1.37 (95% CI: 1.17-1.61), and 1.80 (95% CI: 1.44-2.26). 
Discussion
This study investigated the association between tobacco product use and allergic diseases in a school-based sample of adolescents in Korea. In our study, active tobacco smoking in adolescents was associated with asthma. This result is in concordance with that of previous studies 7, [24] [25] [26] . In a health study on 46,182 African American women, the incidence of asthma among current active smokers was higher than that among never smokers (HR: 1.43, 95% CI: 1.15-1.77) 24 . The effect of active cigarette smoking on adolescent-onset asthma symptoms was also shown in a German cohort study with the adjusted incidence risk ratio of 2.56 (95% CI: 1.55-4.21) 25 . Our study pointed out the association between active smoking and AR. This result was consistent with that of some previous studies. For example, an epidemiological study 26 of 14,578 French adolescents showed that those with active smoking were 2.95 times more likely to suffer from AR than the others (95% CI: 1.58-5.49). A recent meta-analysis of 97 studies on tobacco exposure and allergic conditions 27 reported that active smoking among children and adolescents was significantly associated with the risk of AR.
Smoking-related characteristics
Like our study, several studies demonstrated that smoking was associated with a higher risk for AD. Saulyte et al. 27 examined 91 studies on allergic dermatitis and revealed that both active and passive smoking were associated with allergic dermatitis in children and adolescents. In a Korean study 28 , adolescents who smoked more than 20 days/month were more likely to develop AD than non-smokers (AOR = 1.18, 95% CI: 1.07-1.29).
The link between conventional cigarette smoking and allergic diseases has been well studied, whereas little research has been conducted on the association of e-cigarettes or HTPs with allergic diseases. A recent cross-sectional study 29 of youths found that e-cigarette users developed more asthmatic symptoms than non-smokers. Furthermore, since HTPs have recently been introduced to the tobacco market, the (likely) mechanisms that link HTP use to the onset of allergic diseases have not been elucidated.
According to the recent data in the US, multiple tobacco product use was prevalent among adolescents. In 2018, 11.3% of high school students (41.7% of current users) reported using two or more tobacco products 30 . Our findings pointed out that triple use was most prevalent among HTP users (nearly 82.4%). According to a study of US youths, irritable or restless feelings due to tobacco withdrawal were 1.3 times more likely to be reported among multiple tobacco product users than among those using only one type of product 31 . This suggested that multiple tobacco users were possibly dependent of nicotine. Furthermore, their frequency of tobacco use increased, suggesting increased nicotine exposure and vulnerability to negative tobacco-related health effects 32 . www.nature.com/scientificreports www.nature.com/scientificreports/ In this study, triple use of tobacco products was significantly associated with the risk of asthma, AR, and AD respectively. Multiple use may have a significant detrimental effect on health due to increased exposure to nicotine and/or toxicants. To further assess the risk for developing any allergic disease, it is necessary to understand the characteristics of multiple tobacco users and their use patterns.
Types of tobacco use
Either comorbidity or multi-morbidity in patients was associated with an increase in physician/nurse appointments, visits to emergency department, or prescribed medication load 33 . Asthma, AR, and atopic disease are known to be inter-related, and multi-morbidity of allergic disease is commonly observed in adolescents [34] [35] [36] . Multi-morbidity can be observed in any allergic disease; however, this study shows an increased risk of reporting three allergic diseases concomitantly in smokers, compared to non-smokers.
Additionally, ever use of any tobacco product was significantly associated with a sole diagnosis of AD in our study participants. AD commonly manifested as a beginning of the 'atopic march'; it is often followed by subsequent development of allergic rhino-conjunctivitis and asthma 37 . Therefore, it is plausible that local cutaneous sensitization may induce the systemic immune response with migration of sensitized T cells into the mucous membranes of the nose and lung through the circulatory system. This activates eosinophils and epithelial cells, IgE production, proliferation of mast cell, and smooth muscle observed in asthmatic patients 37, 38 .
Tobacco use, in any form, may induce an inflammatory and immune response associated with increased exposure to allergens. Although several pathophysiological possibilities have been suggested, multi-morbidity of allergic disease in smokers has not been widely considered. Given the increasing prevalence and the importance of allergic diseases in adolescents, further monitoring and investigation on this mechanism is needed.
Limitations.
There are some limitations which should be considered. The cross-sectional design limited the possibility of establishing causal relationships between tobacco product use and allergic diseases, although this study had a large representative sample. A longitudinal research design would be more desirable to examine such causal relationships. Since our survey consisted of a large participants, objective indicators, such as serum IgE levels, eosinophil counts, or serum cotinine levels, could not be measured. Additionally, the questionnaire was not designed to investigate detailed features of allergic diseases (e.g. frequency, severity, or associated symptoms). Furthermore, adolescents tend to under-report their smoking behavior to conceal their delinquency, thus affecting the accuracy of measurement. Another limitation is that this study relied on diagnoses reported by patients rather than physician diagnoses. However, the generalizability of the study results is high because the study had a representative sample and design, as well as a high response rate of over 95%.
conclusion
In conclusion, our study findings indicated that the use of multiple tobacco products, including HTPs, might be a risk factor for asthma, allergic rhinitis, and atopic dermatitis. Additionally, the consistent use of each tobacco product we examined was linked to multi-morbidity of asthma, allergic rhinitis, and atopic dermatitis. An initial diagnosis of atopic dermatitis can lead to a subsequent systemic immune response. Healthcare professionals should pay close attention to smoking in adolescents because it is a potential contributor to the development of allergic diseases. To examine whether these associations are transient, further research with a longitudinal study design should be conducted.
Materials and Methods
Data and study participants. The present study used data from the Korea Youth Risk Behavior Survey of students aged 12-18 years from middle and high schools in Korea conducted in 2018. This government-approved survey 39 has been annually performed since 2005. It is used by the Korea Centers for Disease Control and Prevention for monitoring adolescent health behaviors, including alcohol consumption, smoking, obesity, and physical activity. The survey was developed to produce a nationally representative sample of Korean adolescents with a stratified multi-stage cluster sampling design.
Initially, 400 middle schools and 400 high schools were randomly selected from 117 strata formed based on the administrative divisions and school types. Then, one class in each grade were randomly selected at each selected school. Out of a total of 2,850,118 students, a representative sample of 62,823 was selected from 5625 schools (middle and high) in Korea. Among the representative sample of 62,823 students recruited, 60,040 students agreed to participate in the survey, giving a high response rate of 95.6%. Besides, any student not providing information about their height or weight was excluded from the study. Therefore, the final study participants included 58,336 students ( Fig. 1) .
Students filled in online informed consent forms before participating in the survey in computer rooms. Parental consent was waived, as the survey was carried out by the Ministry of Education at schools with large numbers of students. The institutional Review Board of the Catholic University of Korea approved this study (as exempted from review, MC19ZESI0073).
Measures.
As the study outcomes, allergic diseases (asthma, AR, or AD) were identified based on the participant's self-reported diagnoses. Participants were asked the following question: 'Within the past 12 months, have you been diagnosed with asthma/allergic rhinitis/atopic dermatitis by a medical doctor?'(yes, no).
This study considered three tobacco products, namely conventional cigarettes, e-cigarettes, and HTPs. Students were determined to have a history of cigarette use if they answered 'yes' to the question 'Have you ever smoked a cigarette in your lifetime, even one puff?' . To identify a history of e-cigarette or HTP use, we asked the students if they had ever used an e-cigarette or a heated tobacco product (e.g., IQOS, glo, or lil), excluding conventional cigarettes and e-cigarettes in their lives. Ever use of two or three of the tobacco products was defined as dual or triple use. Secondhand smoking at home was assessed by the following question: 'Within the past seven days, how many days have you spent time with someone who smoked in your home (either family member or guest)?' Meanwhile, secondhand smoking at school was investigated according to the question: 'In the past seven days, have you ever been in close contact with an active smoker at school?' Secondhand smoking at home and school was divided into three groups: 0 day/week; 1-4 days/week; and ≥5 days/week.
General characteristics, such as age, sex, obesity, residential area, family economic status, and physical activity, were also assessed and used as covariates in the logistic regression models. In terms of body mass index (kg/m 2 ), the study participants were divided into four groups according to the Centers for Disease Control and Prevention guidelines for children and teenagers 40 . Four groups included obese (≥95 th percentile), overweight (≥85 th percentile and <95 th percentile), normal or healthy weight (≥5 th percentile and <85 th percentile), and underweight (<5 th percentile). The 'residential area' variable had three values, including large cities, medium or small cities, and provinces. Students were asked "What is the economic condition of your family?" in the questionnaire. Five levels of family economic status were specified in the questionnaire as high, mid-high, middle, mid-low, and low, and they were regrouped as high, middle, and low for the sake of analysis. Physical activity was evaluated as the number of days per week with ≥60 minutes of moderate-intensity activity that caused a slight increase in one's breathing or pulse rate. Students were asked "During the last seven days, on how many days did you do more than 60 minutes of moderate-intensity physical activity per day?". Responses regarding the frequency of physical activity ranged from none to seven days per week. Participants engaging in moderate-intensity activity at least five days per week were considered as physically active. Physical activity criteria were based on the moderate level physical activity guideline stated in the International Physical Activity Questionnaire.
Statistical analyses. First, descriptive statistics of general characteristics among participants were presented as unweighted frequencies and weighted percentages. In addition, chi-square tests were used to examine the difference in the prevalence of each allergic disease by general characteristics, smoking-related characteristics, and tobacco use type. Subsequently, simple logistic regression analyses were conducted to calculate odds ratios (ORs) and adjusted ORs (aORs) for asthma, AR, and AD in the past 12-months based on the use of tobacco product; 95% confidence intervals (CI) were also calculated. Finally, multinomial logistic regression analyses were performed to identify the associations of tobacco product use with risk of allergic diseases. Bonferroni for post-hoc analysis was used for multiple comparisons. Adjusted models included age, sex, obesity, residential area, family economic status, and physical activity as covariates. Complex sampling modules were reflected and recommended weights were applied in this study. All statistical analyses were performed using SPSS version 26.0 (IBM, Armonk, NY, USA). The level of statistical significance was set at p < 0.05.
Data availability
The datasets analyzed during the current study are publicly available. Individual researchers need to gain access to download the dataset via the official website http://yhs.cdc.go.kr. 
